Abstract-The physical availability of organic compounds in soil and sediment strongly influences their bioavailability and toxicity. Previous work has indicated that physical availability changes throughout the processes of aging and treatment and that it can be linked to the energy required to release the compound from its sorbent matrix, with a higher energy indicating a more tightly bound compound. This study focused on determining release energy values for various mineral geosorbents (glass beads, sand, and kaolin) contaminated with a 16 polycyclic aromatic hydrocarbon (PAH) mixture. The sorbents were analyzed using thermal program desorption/mass spectrometry (TPD/MS) and the release energy values were calculated from the resulting thermograms utilizing a nonlinear fit of the analytical solution to a simplified version of the Polanyi-Wigner equation. This solution method resulted in a series of combinations of values for the pre-exponential factor () and release energy (E ) that produced desorption rate curves with similar errors when fit to actual data sets. These combinations can be viewed as an error surface, which clearly shows a valley of minimum error values spanning the range of both E and . This indicates that this method may not provide a unique set of E-and -values and suggests that the simplified version of the Polanyi-Wigner equation cannot be used to determine release energy based on TPD data alone.
INTRODUCTION
The remediation of soils and sediments contaminated with polycyclic aromatic hydrocarbons (PAHs) often results in residuals that exceed clean-up standards. This has lead to an interest in determining if these residuals actually are available for uptake by plants and organisms, and thus pose a threat to human health and the environment. Research has found that PAH concentrations found by exhaustive extraction methods may not be indicative of the concentrations available to microorganisms [1, 2] and that the availability of PAHs tends to decrease with aging and treatment [3, 4] . This has lead to interest in the sorption and desorption behavior of PAHs and how it relates to physical availability.
Sorption and diffusion phenomena control the physical availability of PAHs for partitioning into the aqueous phase and, in turn, uptake by microorganisms. This physical availability can be assessed semiquantitatively using release energy, with higher energy values indicating a more tightly bound compound. This release energy value depends on the type of compound as well as the characteristics of the sorbent. For this work, release energy can be thought of as the total energy required to release the compound from its sorbent, including the energy required for desorption from and diffusion through the sorbent matrix. Thus, it does not represent what often is called the activation energy of desorption (or desorption activation energy) in surface science and catalysis literature.
Release energy values can be calculated from thermal program desorption (TPD) thermograms using several methods * To whom correspondence may be addressed (jtalley1@nd.edu). Presented at the 23rd Annual Meeting, Society of Environmental Toxicology and Chemistry, Salt Lake City, Utah, USA November 16-20, 2002. that fall into two general approaches, integral and differential. The integral approach relates desorption parameters to bulk peak characteristics such as half-widths and peak desorption temperatures. This approach is useful when the parameters are independent of coverage. The differential method utilizes Arrhenius plots from one or more thermograms and can be applied to parameters that are coverage dependent. Specifically, Ghosh et al. [5] and Talley et al. [6] , using diffusion-based desorption models and fitting the activation energy parameter to TPD thermograms, found energy values ranging from 35 to 140 kJ/mol depending on the type of sorbent. Yang et al. [7, 8] ran TPD at different temperature ramp rates and used the relationship between peak temperature and ramp rate (based on a method developed by Cvetanovic [9] for first-order desorption from homogenous surfaces) to calculate desorption activation energies of nonchloro-dioxins on a variety of sorbents.
Cornelissen et al. [10] , performed desorption studies at several temperatures and utilized the relationship between the activation enthalpy for slow desorption and the slow desorption rate constant to calculate desorption activation energies of several chlorobenzenes, polychlorinated biphenyls (PCBs) and PAHs. He found fairly constant energy values for lab-and field-contaminated sediments for all studied compounds (60-70 kJ/mol) [10] . It should be noted that these values represent only desorption activation energy and may not be directly comparable to release energy values found by Talley et al. [6] .
This work seeks to build upon the work of Talley et al. [6] thermograms by varying E and and determining the total squared error between the model and data. An error surface is generated to determine if a unique solution can be found within experimental variations. The work utilizes specific mineral sorbents to eliminate the complications associated with polymer diffusion (the early release of compounds from high carbon sorbents due to a heat-induced change in the sorbent) found by Ghosh et al. [5] .
MATERIALS AND METHODS

Materials
The mineral sorbents used in this study were glass beads (1.0 mm nominal diameter), standard Ottawa sand, and kaolin from Fisher Scientific (Pittsburgh, PA, USA). The PAH standard was prepared from a polynuclear aromatic hydrocarbon mix containing 2,000 g/ml each of 16 PAHs (listed in Table  1 ) in a solution of 50:50 methylene chloride and benzene from Sigma-Aldrich (St. Louis, MO, USA). An internal standard was prepared from a 200-g/ml indeno(1,2,3-cd )pyrene solution in methanol from Sigma-Aldrich. The methylene chloride used was high performance liquid chromatography-gas chromatography/mass spectrometry (MS) grade.
Instrumentation
This work utilizes thermal program desorption mass spectrometry (TPD-MS) with a direct insertion probe. The instrument setup includes a Thermo Finnigan (Schaumburg, IL, USA), Polaris Q mass spectrometer, and a Thermo Finnigan direct insertion probe with a glass sample vial. Schematics of the TPD-MS used in this work are shown in Figure 1 . This configuration allows a sample to be inserted directly into the MS, allowing for a better transfer of desorbed compounds and increased sensitivity.
The sample vials are cylindrical with an inside diameter of 1.0 mm and a 10-mm length. The sample is placed in a vial and weighed. The probe holding the vial is then inserted into the MS and the temperature is increased at a predetermined linear rate. Within each sample run, the raw ion count detected by the MS is proportional to the molecular flux in the ion volume and, thus, is proportional to the desorption rate of PAHs from the sample. Because PAHs typically produce molecular ions with very little fragmentation, multiple compounds can be analyzed simultaneously, provided they have different molecular weights.
Spiking procedure
Half a gram of each solid sample was saturated with methylene chloride to make a slurry and 25 l of a 1 to 5 dilution of the 2,000 g/ml 16 PAH mixture was added to the slurry to create a 20 ppm concentration of each PAH, corresponding to 320 ppm total PAHs. The slurry was shaken continuously for 15 min, followed by 5 min shaking once an hour for 4 h. The samples were shaken to prevent loss of solid or PAH mixture on stir bars. Between shaking times, the slurry was allowed to evaporate in the ambient air inside a fume hood. Kaolin was allowed to dry for a slightly longer time as the slurry did not evaporate as quickly due to the kaolin's fine powdery nature. Samples were run within 2 d of spiking as initial results indicated the possibility of changes in some thermograms if samples were allowed to age for more than 2 d.
TPD method
For this study, three temperature ramp rates (10Њ/min, 20Њ/ min, and 30Њ/min) were used for each sorbent tested. These temperature ramp rates were chosen based on machine limitations (ramp rates from 10 to 100Њ/min in 10Њ increments) and previous work conducted by Talley et al. [6] , which found consistent results using a 10Њ/min temperature ramp rate. For all temperature rates, a final temperature of 400ЊC and a hold time of 900 s were used. The maximum temperature of 400ЊC was chosen to ensure desorption was as complete as possible (for heavier weight PAHs) while limiting organic sample pyrolysis [6] .
As recommended by Talley et al. [6] , all sample vials generally were filled to approximately one-eighth capacity to limit interparticle-diffusional influences. Due to its lower density, kaolin sample vials were filled with slightly greater volume. Internal standards (40 ppm indeno[1,2,3-cd]pyrene on glass beads) were run at the beginning and end of each day to verify that the instrument was functioning properly.
Data processing and normalization
The raw TPD data first were transformed into thermograms for each PAH mass homolog using Polaris Q Xcalibur software that allows for the selection of specific mass to charge (m/z) values. The mass spectra of individual mass homologs also were checked with the National Institute of Standards and Technology (Gaithersburg, MD, USA) Mass Spectral Search Program (1998) to ensure that they represented the expected PAHs. The mass homolog thermograms were then normalized by dividing each intensity value by the total area under the curve, resulting in a normalized curve with a total area of one.
Release energy value calculation methods
The starting point for the determination of the kinetic parameters (order [n], desorption activation energy [E] , and the pre-exponential factor []) from a TPD thermogram is the desorption rate equation. Typically the Polanyi-Wigner equation [11] is used to model the rate of thermal desorption from a surface [12] .
where is the pre-exponential factor (s Ϫ1 ), E is the desorption activation energy (J/mol), T is temperature (K), and R is the universal gas constant (J/mol-K), is the adsorbate coverage, and n is the desorption order. When E and are assumed to be coverage independent, the rate of temperature increase is constant, and coverage is assumed to correspond to concentration, the Polanyi 
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where C is concentration, C o is initial concentration, T is the temperature (K), T o is initial temperature, k 1 ϭ /␤, k 2 ϭ E/R, and Ei is the exponential integral. For all model calculations, the initial concentration was set to one to correspond with the TPD data that was normalized to a total concentration of one. The derivative with respect to temperature (dC/dT) then was calculated numerically for any given combination of E-and -values. The derivative with respect to temperature was calculated as opposed to simply the change in concentration (dC ) because, for a TPD spectrum, the intensity is proportional to the desorption rate [13] . Additionally, using the desorption rate ensures that the analytical solution does not depend on the temperature increment chosen for input into the model. The entire analytical model was then programmed into Matlab (The MathWorks, Natick, MA, USA) for user ease.
For application to the TPD data, E ranged from 20 kJ/mol to 140 kJ/mol to encompass the range of values found by Talley et al. [6] for similar mineral sorbents and ranged from 10 2 to 10 16 to include the values calculated from experimental data [13] . The model was then applied to thermograms of individual mass homologs. The total squared error between the model and the data was calculated for each combination of E and and an error surface was generated to study how the error varied with each combination and determine if there was a unique set of E-and -values that resulted in a minimum error.
RESULTS
In order to determine if the analytical solution behaved as expected, the model was run with E ϭ 60 kJ/mol, ϭ 10 6 s Ϫ1 , ␤ ϭ 10Њ/min, and concentration versus time and desorption rate versus time were plotted. These values for E and were chosen because they represented the midrange for both parameters and gave a full curve in the experimental temperature range. As expected, the concentration begins at one and decreases exponentially to zero over the course of the desorption process and dC/dT resembles a TPD thermogram with a total area of one, as shown in Figure 2 . The effects of separately varying E and also were studied and it was found that when E was increased, the desorption rate curve shifted to the right, decreased in magnitude, and became wider. Increasing shifted the desorption curve to the left, increased its magnitude, and caused it to become more narrow, illustrated in Figure 3 . This agrees with the compensation effect observed in many other studies, namely as E rises or falls, changes in the same direction resulting in the term e ϪE/RT remaining relatively constant [14] [15] [16] .
When the analytical model was applied to TPD data for glass beads, sand, and kaolin, the results for each of the geosorbents were very similar. For this reason, the results will focus on glass beads mass homolog 228 and note any differences found for sand or kaolin, also mass homolog 228.
For E ranging from 20 kJ/mol to 140 kJ/mol and a range of 10 2 to 10 16 s Ϫ1 , the error surfaces for each of the temperature ramp rates (10Њ/min, 20Њ/min, and 30Њ/min) are very similar in shape with the magnitude of the error decreasing with increasing temperature ramp rate. The error surface reveals a clear valley that, when viewed from above, shows a nearly linear relationship between E and for minimum error values, shown in Figure 4 . This valley has a lumpy bottom for glass beads, leading to many combinations of E and that give similar error values. It should be noted that even though there are local minima for the glass beads results, the difference between the values is not substantial enough to overcome the variation between replicate TPD runs. For the sand and kaolin, the valley has a smooth bottom, making the determination of even local error minimums impossible. The planes on either side of the valley/peak area occur because the model curves for those combinations of E and become flat lines for the experimental temperature range of 303 K to 773 K, leading to a constant error.
The error results were studied at smaller E and intervals around areas of low error to determine if the problem was resolution. This simply resulted in the identification of several model curves with very close error values, as shown in Figure 5 .
DISCUSSION
The analytical model does not provide a unique set of Eand -values when fit to actual TPD thermograms. Rather, it provides a series of pairs of values that result in similar total error when compared to TPD data. This makes it difficult to determine a distinct release energy value for any of the PAH mass homologs on any of the studied geosorbents, indicating that this method cannot be used by itself to calculate release energy values. There also may be further problems concerning both the assumption of coverage independence of E and and the Polanyi-Wigner equation's neglect of the simultaneous process of adsorption. It has been found that for desorption from single crystal surfaces, E and vary strongly with surface coverage, often due to the adsorbate lateral interactions that can lead to multiple binding sites [15] . Zhdanov found changes in E exceeding approximately 40 kJ/mol (10 kcal/mol) and variation in of three or more orders of magnitude [17] . Seebauer also found changes in of up to six orders of magnitude and noted the importance of determining the coverage dependence of , especially for systems with higher coverage [14] . It also has been noted recently that typical treatment of TPD data using the Polanyi-Wigner approach (which is based on the absolute rate theory and assumes equilibrium between adsorbing species and the substrate [18] ) eliminates the adsorption term from the adsorption rate equation and, thus, may be missing the simultaneous presence of adsorption and desorption [19] . This may be impacting the interpretation of TPD data. Both of these issues suggest that, especially for geosorbent systems that are more complex than metal catalyst-gas systems, approaches that do not address coverage dependence or the presence of adsorption may not be used alone to determine release energy values.
Future work is needed to evaluate both the differential approach (if the required temperature ramp ranges and/or coverage variations can be achieved experimentally) and the statistical rate theory (SRT) approach to calculate E and . The differential or Arrhenius approach uses only the initial portion of the TPD thermogram where E and are relatively constant and, thus, may be used to provide an estimate of these desorption parameters. The equations developed using SRT have been found to predict TPD spectra for several metal-gas systems and appear explicitly to include all the necessary coverage and temperature dependence of the desorption parameters [18] so they also may be applicable to well-characterized geosorbent systems.
CONCLUSION
The analytical solution to the simplified Polanyi-Wigner equation has been used to calculate release energy values of PAHs from several geosorbents. This method results in a series of combinations of E-and -values that produce desorption rate curves with similar errors when compared to real TPD data sets. These combinations of E-and -values can be viewed as an error surface, which contains a valley of minimum errors. This valley spans the range of E-and -values, indicating that this method alone cannot be used to determine a unique set of E-and -values.
This approach and its results are important for two main reasons. First, the modeling approach is important because it allows for a global view of the nonlinear fit and reveals the difficulty in determining a best-fit solution, whereas, on a smaller scale it might seem that a true minimum model error had been found and a unique set of E-and -values determined. Second, the results suggest that the simplified version of the Polanyi-Wigner equation is not adequate for calculating desorption parameters from TPD thermograms and indicate that, as suggested in many reviews of TPD methods, the coverage dependence of both E and must be addressed. Therefore, future work will focus on determining if differential methods and the SRT approach can be used to estimate E and for similar geosorbent systems and then be applied to carboncontaining materials and real soils and sediments. Future work also will seek to ascertain if exact release energy values can be calculated for sorbent systems that may not be as easily characterized as the metal catalyst-gas systems that have been used to develop most of the calculation techniques.
